A stable and quality-oriented energy supply in Germany is a pre-requisite for a sustainable national economy. Therefore, also for political reasons, the wind energy as a renewable energy source in onshore and off-shore wind power plants plays a more and more important role in this context. But this increase in wind power productions generates new and up to now unknown problems in the German energy system concerning energy transportation, the reduced availability of this energy for meteorological reasons and the thereby caused need for so called "Hour Reserve from conventional power plants". Also the fluctuation in wind power production in addition to the fluctuations of the consumer power demand and the not measured production from decentralized sources are resulting in substantially high positive and negative reserve power in the conventional power plants which are up to now not well designed for these new requirements. The analysis of these new burdens for the power plants, the development of new energy services and new strategies of control and the design of new conventional power plants in respect with an optimal operation regime are the main goals of this investigation on behalf of VGB PowerTech.
INTRODUCTION
Extreme situations at the wind energy generation like several days of calm or several days in sequence with a relatively even strong wind confront the conventional thermal power stations in Germany with few problems. However, for the grid and the power stations the weather conditional and different large power transients of the wind energy generation are critical, which are hardly predictable. Therefore a positive or also negative reserve power ("Hour Reserve") must be provided and offered on the market independent of the power flow condition. Furthermore whole wind parks can separate from the net in a fault case and lead to a huge spontaneous power deficit. Thus the fluctuating power of the wind parks must be regulated by the available conventional power stations as long as no large energy storages are available yet. This applies to those wind power spectra which show the largest power amplitudes. Due to the size of the planned offshore wind parks the pumped-storage power plants alone will not suffice for this task. For that reason also conventional thermal power stations must be used. Therefore new energy service products like "Hour Reserve" must be defined for the existing thermal power stations so that these power stations can follow the appearing wind power fluctuations for balancing. Due to the material characteristics of their operational equipment the power plants have a limited minimum load and control ability (thermal stress in the components, wear, control rate of the thermal process etc). Therefore the needed start-up and shut-down cycles as well as the required minimum load and the possible starting and control rate of these plants are examined. In addition, the efficiency and economic utilisation of the power stations will be worse, if the power plant does not operate under design basis conditions. This increases the fuel consumption and extends the maintenance costs. For the technical operation of the conventional power stations in this changed environment the following points are seen as particularly problematic:
• Thermal and mechanical loading capacity due to frequent start-up and shut-down cycles and fast power transients of the power plant • Reduced demand on the minimum load and with that a higher probability of an outage • Operation of the power plant with lower efficiency
• Effects of the power fluctuations on the maintenance and life time of conventional power stations
The provision of the energy service "Hour Reserve" to balance the fluctuating wind energy feeding will be a market product in future. Therefore it is in the interest of the operators of conventional power stations to take over this control task. The conventional power stations may not be charged beyond their specific operation characteristics. Particularly the thermodynamic limits regarding thermal stress in the components must be taken into account. This applies mainly for the frequent start-up and shut-down cycles due to the introduction of the energy market service "Hour Reserve". This makes the use of additional control facilities necessary. 
Annual duration lines of fed-in wind energy
If one looks at the number of hours in full-load operation which are important for the economic efficiency, then the advantage of the offshore wind parks compared with onshore wind parks becomes clear. The Danish offshore wind power plants reached an average of 3,230 hours in full-load operation in the year 2006. It must be noticed, that in the North Sea The course of the annual duration line of all wind power plants feeding in the grid is dependent on the wind velocity and particularly dependent on the distribution of the wind velocity over the area of the installed wind power plants. The maximum wind feed-in amounted to 79.1 % of the installed wind power plant capacity in Germany. This is caused by the fact that an important share of the wind power plants is installed in the German midland by now. In comparison with this there are considerably more profitable wind conditions in Denmark. The maximum wind feed-in amounted to 90.2 % of the installed wind power plants in Denmark. (-5,444 MW) of the fed-in wind power was 28.9 % of the installed wind power capacity (cf. Denmark 32 %). The power transients in the 12-h time period were between 52 % (positive) and 60.1 % (negative) related to the installed wind power capacity. In the 24-h time period power transients at most 58.7 % (positive) and 68.1 % (negative) were determined related to the installed power. It can be recognized that the duration lines of the wind power transients are not symmetrical. During great changes a strong reduction of the power happens more frequent than a strong increase. In comparison with Germany the values were also higher in Denmark. It is noticeable that the wind power transients increase considerably with time ranges getting larger. Due to the higher wind velocities and the regional higher density of the wind parks in Denmark in all investigated time periods higher positive and negative power transients occur. One would expect similar power transients for offshore wind parks in Germany like in Denmark.
Power transients of fed-in wind energy

UNIT CONTROL SYSTEM OF A POWER PLANT
Unit control systems have the task to coordinate the operation of turbine and boiler as effectively as possible. The structure of the classic closed-loop control of a conventional steam power station results from the operation mode of the power station. The operation mode is determined by the control requirements on the power station which are different in the assignment of the controlled variables.
• 
Model based unit control systems
In contrast to the classic closed-loop control an approved concept is considered here with a process model based feedforward control in combination with dynamic decoupling in the closed-loop control. The determination of process models as well as the design of the controller itself is computer-aided with the help of optimization programs. The advantages of this intelligent and modern solution are particularly:
• Essential improvement in the dynamics without influencing the stability • Additional degrees of freedom at the optimization of response to set point changes and disturbances • Reduced control tasks allow a smoother operation of main components like coal pulverisers • Improved plant efficiency for primary control through reduced throttling of the turbine control valves
• Feed-forward control and closed-loop control can be designed and optimized independently of each other
In figure 2 the model based unit control system concept is represented. It performs these tasks by using the manipulated variables fuel mass flow m B for the boiler and the turbine control valve y T for the turbine under consideration of internal dynamic models for the live steam pressure p D and generator power p G . The unit control system is intended to allow controlled start-ups, shut-downs and load changes of a power plant unit under economically optimized conditions. Within the framework of primary and secondary control, the aim is to deliver the energy produced by the unit on the basis of the dynamic response demanded by the load dispatcher. The unit control system permits primary and secondary loadfrequency corrections allowing for high economy and high quality improvements for new and refurbished power plants.
The primary grid frequency control of the unit is responsible for the balance between the power generation and consumption. The response time of this control is extremely short (few seconds) and is decisive for the grid stability in case of major disturbances of the power generation. Therefore a dynamic coordination of the grid-frequency error for turbine and boiler load has been introduced into the solution of the unit control system. The grid secondary control is provided by a load dispatcher, who regulates the agreed load exchange between the interconnected power supply partners. Its control response time is in the range of minutes, where the units adapt their power generation according to the dispatcher demand signals. In figure 3 a model of a thermal power station is represented with the unit control system concept introduced here. The modelling was done in MATLAB ® .
Set point control of the unit
The task of the set point control of the unit is the management of a reliable stationary operation of the unit. This includes the realization of target-setting of power through the load dispatcher and the supply of primary and secondary control power. The supply of primary and secondary control power is moreover dependent on the power offered on the energy market for positive and negative values. The closedloop control of the unit is carried out by the superimposed power set point control with the subordinated set point controls for the boiler and the turbine. The input signal of the power set point control is the power from the load dispatcher p PP . When participating in the secondary control the unit is directly managed by the secondary controller. The limitation of the target-setting of the power has to ensure that the sum signal of the power set point p G REF and the request for secondary power p SEC do not exceed the maximum permitted unit load as well as the maximum permitted power transient speed depending on the operating point of the unit. It guarantees the compliance with the permitted thermal and material stress of the turbine and the boiler. Furthermore the availability of the coal pulverisers, pre-heaters and feedwater pumps is considered. The output signal of the power set point control of the unit is the feed-forward control value for the boiler m B SP . The feed-forward control value for the turbine y T SP is calculated with the power set point p G REF depending on the modified or 17th IFAC World Congress (IFAC'08) Seoul, Korea, July 6-11, 2008 ⋅ ⋅ ⋅ natural pressure operation mode. When participating in the primary control a value proportional to the frequency deviation is added both to the feed-forward control value for the boiler and the turbine.
Process model
The 
Power, pressure and turbine position control
Depending on the chosen operation mode different regulation concepts and control actions in the thermodynamic process result. In the boiler following mode a distinction has to be made between the pre-pressure mode and the natural variable pressure mode.
• Boiler Following Mode
In the pre-pressure operation mode the live steam pressure is controlled with the turbine valve, however in the natural variable pressure mode the live steam pressure glides unregulated at fully open turbine valves. The pressure controller is designed as a PID-controller. It regulates the changing of measured pressure in relation to the feed-forward control value for the pressure. The derivative part has only an effect on the measured value. The integral-action time of the controller is adapted due to the unit load. The power controller for the boiler is carried out as a PI-controller. It regulates the actual measured generator power in relation to the feed-forward control value for the unit load. The output of the controller is added to the feed-forward control value for the boiler. The control of the generator power is done in both cases via the slowly subordinated fuel mass control. The storage capacity of the boiler is not utilized.
• Turbine Following Mode
In the turbine following mode a distinction has to be made between the constant pressure mode and the modified variable pressure mode. In the constant pressure mode the live steam pressure is independent of the power and is controlled to have a constant value by throttled turbine valves. In the modified variable pressure mode the live steam pressure is proportional to the unit load. This is reached by throttling the turbine valves at such rate that a desired active power reserve is provided. The position controller for the turbine valve is designed as a PI-controller which regulates the changing of the measured position of the valve y T in relation to the feed-forward control value for the turbine y T SP . The course of time of the feed-forward control value is reproduced with a PT 2 time response for decoupling. The output of the controller is added to the feed-forward control value for the pressure. The pressure controller is carried out as a PID-controller. It regulates the changing of measured pressure p D in relation to the feed-forward control value for the pressure p D SP . The derivative part has only an effect on the measured value. The integral-action time of the controller is stopped in the variable pressure operation. In both constant pressure areas the integral-action time is unrestricted.
The power controller for the turbine valve is made as a PIcontroller. It regulates the actual measured generator power in relation to the feed-forward control value for the unit load. The output of the controller is added to the feed-forward control value for the turbine. The regulation of the generator power is carried out in both cases via the turbine valve. In both operation modes the storage capacity of the boiler is used because of throttling of the turbine valves.
Feedwater control with enthalpy correction
The mutual influence of the two control systems pressure and enthalpy is eliminated with a decoupling network. The decoupling of the pressure controller is achieved by way of injecting the output signal of the enthalpy controller with a PDT time response Δm B on the feed-forward control value for the boiler. The output value of the pressure controller Δm FW is injected analogous to the feed-forward control value for the feedwater pumps. The enthalpy controller is made as a PI-controller. It regulates the actual enthalpy h D in relation to the desired enthalpy h D SP . The output of the controller is a quantity of correction of the feedwater which is already included in the feed-forward control value n FW SP for the feedwater pumps. The enthalpy of the live steam at the exit of the superheater is a measure for the balance of feedwater supply and heat supply. If at a pre-defined heating the enthalpy of the live steam is too big, the feedwater quantity is increased correspondingly. If the feedwater quantity remains constant, then the heating must be reduced immediately. 
Fuel Mass Flow Control
The unit control system determines the number of the required pulverisers and coal allocators due to a load request. The main fuel mass flow controller determines the speed of the coal allocators n CB which are transporting a defined mass flow of coal via a conveyor band to the pulveriser. The output of the pulveriser model is the coal dust which is injected in combination with air into the combustion chamber. Next to the delay in the boiler the inertia of the fuel supply and the storage behaviour of the pulverisers are having a decisive influence to the load change dynamic of the unit.
SIMULATION OF THE UNIT CONTROL SYSTEM
The model was tested in the modified variable pressure mode by a load request due to an outage of a 500 MW power plant, which leads to a frequency deviation in the grid, see fig In conclusion it can be said that the model is able to simulate the operation of the unit during the smoothing of disturbances in the net realistically. In the future the disturbance in the net will be simulated by a fluctuating wind energy feeding based on measured wind data. Thus the participation of the power plant in the energy market product "Hour Reserve" can be investigated. 17th IFAC World Congress (IFAC'08) Seoul, Korea, July 6-11, 2008 
